This paper provides the results of a study that examines the effect of fluorine content on glass stability (GS) and the crystallisation mechanism for a series of glasses in the SiO 2 -CaO-K 2 O-F system. Four glass compositions, with fluorine contents ranging from 2.51 to 5.63 wt. %, were analysed by differential scanning calorimetry (DSC). The evaluation of GS was based on various parameters derived from characteristic temperatures of non-isothermal DSC curves, namely, the working range ( T TS ), reduced glass transition temperature (T gr ), Weinberg (K w ), Hrubÿ (K H ) and Lu-Liu (K LL ) parameters. The predominant crystallisation mechanism for each glass was assessed via the Thakur and Thiagarajan method by determining the variation in crystallisation temperature between powder and bulk glass samples ( T p ). The evaluation of glass forming ability (GFA) was based on the critical cooling rate (q c ), which is determined from the Weinberg, Hrubÿ and Lu-Liu parameters. The results indicate that an increase in fluorine content leads to a change in the crystallisation process of these glasses, from a mechanism of surface crystallisation that is predominant in glasses with lower fluoride content (MIS-E, MIS-6 and MIS-8 with 2.51, 3.39 and 4.27 wt. % of fluorine, respectively) to a prevailing volume crystallisation in MIS-10 glass (5.63 wt.% of fluorine). An increase in fluorine content also leads to a decrease in GFA of the corresponding melts, which results in the segregation of CaF 2 crystals during cooling. The results demonstrated by DSC analyses are supported by the results obtained from X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM).
Introduction
Glass-ceramics are materials that are composed by both amorphous and crystalline phases.
Properties of glass-ceramics primarily depend on composition, phase assemblage and microstructure. Therefore, control of the glass-ceramic formation becomes fundamental for producing a material with the desirable final properties. Different procedures exist for obtaining a glass-ceramic from parent glass [1] . The most commonly employed procedure is a two-step process that consists of nucleation and crystal growth. Nucleation concerns the nuclei formation in surface and/or bulk glass. Crystal growth involves the continued development of those nuclei.
Furthermore, the crystallisation process is hardly affected by the composition and particle size of the parent glass. Although no single method exists that explains glass devitrification during the heating process, several criteria and methods are available to know how devitrification occurs.
Differential thermal analysis and differential scanning calorimetry are techniques commonly employed to obtain the basic parameters required for understanding glass crystallisation behaviour. These parameters (glass transition temperature, melting point, and crystallisation peak temperature) are obtained directly without additional complex mathematical calculations, which increase the reliability of the results. The most typical and commonly used methods, which are described in the subsequent section, are employed in this paper.
Most commercial glass-ceramic products are produced from glass monolithic pieces through highly automated glass-forming processes that involve appropriate heat treatment. Glassceramic materials can also be prepared through powder processing methods, in which a glass frit or a mixture of different frits is sintered and subsequently crystallised. The nuclei that are developed in the nucleation stage of volume crystallisation are homogeneously and randomly distributed throughout the entire volume of glass. When monolithic glass samples are subjected to a crystallisation process, internal nucleation is required. The crystal growth is known as bulk crystallisation. Conversely, when the glass-ceramic material is to be produced from glass powder compacts, crystallisation must begin at the surface of the glass particles. The relict surfaces of the glass grains serve as nucleating sites for the growth of the crystalline phases. In this case, glass softening must occur prior to the completion of the crystallisation process. These phases are the fluorine analogues of the natural hydroxyl-containing mineral phases. The charge-to-size ratio of a fluorine anion is similar to the charge-to-size ratio of a hydroxyl ion, and fluorine is easier to retain in the glass melt [2] . Fluorosilicates are endowed with high fracture toughness and bending strength. Fluorosilicates-containing glass-ceramics are characterised as being less sensitive to superficial damages and exhibit higher thermal shock, erosion and fracture strength than common ceramic materials.
The discovery of a single glass composition that is compatible with both surface and bulk crystallisation processes is challenging. F-miserite is a chain silicate with a complex structure (KCa 5 (Si 2 O 7 )(Si 6 O 15 )(F,OH) 2 ). This crystalline phase, which strengthens glass-ceramic materials, has been described as a pyroxenoid (wollastonite) or hydrous pyroxenoid derivative (pectolite). In the late 1990s, Pinckney et al. [3] published a paper that described a new family of glass-ceramics that are based on the complex chain silicate miserite. With little or no change in composition, it was compatible with both bulk and surface crystallisation processes. Their study examined highly crystalline glass-ceramics that contain a microstructure composed primarily of interlocked, lath-or log-shaped miserite crystals with pronounced cleavage planes. . These glass-ceramics are useful for various applications in which moderately high strength and toughness are desired. However, despite such promising properties, no additional investigations on miserite glass-ceramics have been published since the paper by Pinckney et al. was presented [3] .
Another interesting fluorine-containing crystalline phase in glass-ceramics is cuspidine (Ca 4 Si 2 O 7 F 2 ), a sorosilicate with isolated (Si 2 O 7 )
6-double tetrahedral groups. Cuspidine is the most abundant high temperature phase in mould fluxes used in continuous casting of steel [4] .
Mould flux glasses act as a lubricant between the water-cooled mould and the steel. Their viscosity, heat transfer characteristics and the break temperature, which generally corresponds to the crystallisation of cuspidine, are all critical to the continuous casting process [5] . The crystallisation of the mold flux is regarded as one of its most important properties, as it primarily controls the heat transfer and influences the lubrication of steel in continuous casting [6] . The main purpose of the present paper is to study the effect of fluorine content on glass stability, glass forming ability and the crystallisation mechanism for a series of glasses that are based on fluor-miserite composition (SiO 2 -CaO-K 2 O-F system). This research is part of a larger study that explores the crystallisation process and final properties of the resulting glass-ceramic materials, in an effort to discover novel applications in the field of glass-ceramic glazes for ceramic tiles.
Experimental

Preparation of glasses
A glass in the SiO 2 -CaO-K 2 O-F system with the stoechiometric composition of fluor-miserite, The mixtures were homogenised in a planetary ball mill (TURBULA) for 15 min. The batches were then melted in an electric furnace at 1450ºC for 2 h in alumina-silica crucibles. Frit glasses were obtained by pouring the low-viscosity melts into cool water. Moreover, monolithic glass samples were prepared by casting the melt into an approximately 10 x 1 x 1 cm brass mould and subsequently annealing for 2 h at a temperature of T g -100ºC to avoid crystallisation. T g values for each glass composition were determined from the results of differential scanning calorimetry (DSC), which was conducted previously on glass samples with the same composition.
Physical characterisation
The chemical analysis of the resulting glasses was determined by X-ray fluorescence (XRF) using a BRUCKER S8 Tiger spectrometer. The analysis was performed on pressed pellets of powder glass samples (<63 µm). The evaluation of the amorphous nature of the glass after melting was performed by X-ray diffraction (XRD) using BRUKER D8 Advance equipment with Ni-filtered Cu Kα radiation operating at 30 mA and 40 kV. Data were recorded in the 5-60° 2 range (step size 0.019732º and 0.5 s counting time for each step). To confirm the effect of fluorine on the preferential crystallisation mechanism (surface or bulk), Generally, when a glass is subjected to heat treatment, crystallisation occurs due to the energy reduction that transpires when the structurally amorphous phase (glass) is transformed in a stable solid phase with a regular ordered geometry [8] . Glass stability denotes the resistance of a glass to crystallisation on heating. The GS of each glass composition, both in bulk and powder conditions, was evaluated from the characteristic temperatures obtained from DSC curves; namely, the glass transition temperature (T g ), onset and peak crystallisation temperatures (T x and T p , respectively), and melting temperature (T m ), which is the temperature at the minimum of the endothermic peak. Various parameters can be defined from these temperatures to establish the glass stability on heating and the predominant crystallisation mechanism.
The crystallisation of a glass can proceed through two mechanisms: volume or bulk crystallisation and surface crystallisation. In volume crystallisation, the crystals are homogeneously and randomly distributed throughout the entire volume of the glass. Conversely, in surface crystallisation, crystals develop at the glass surface and then grow into the glass volume. To ascertain the predominant crystallisation mechanism for each glass composition, the Thakur and Thiagarajan method [8] was employed to determine the crystallisation temperature difference between powder and bulk glass samples, T p , as follows: 
If glass devitrification occurs through surface crystallisation, a strong dependence on glass particle size would be expected, with T p yielding negative values, as shown in Eq. 1.
Several parameters are used to determine GS; they are based on characteristic temperatures that are determined from the non-isothermal DSC analyses. An evaluation of the thermal stability of each glass was achieved by measuring its working range, which is the temperature interval between T g and the onset of crystallisation, as follows:
The smaller this temperature interval, the lower is the thermal stability of the glass and the more difficult it is to prevent partial crystallisation during any working operation, including sintering [9] .
Other parameters of GS on heating are as follows:
Reduced glass transition temperature T gr [10] ,
Hrubÿ proposed his own parameter, K H , to probe glass stability against crystallisation on heating as defined by [12] ,
Lately, Lu and Liu proposed a new criterion K LL [13, 14] ,
More recently, Kozmidis-Petrović [15] performed a theoretical analysis of relative changes in GS parameters for some oxides and chalcogenide glasses. The study indicates that glasses is unachievable. Therefore, it was important to determine these parameters to assess the effect of fluorine content on GS of the subject glasses.
Glass-forming ability (GFA) is defined as the ease of a melt to form a glass during cooling [13, 14] . It can be evaluated by the critical cooling rate q c , which is the lowest rate, from melting to T g , for preventing crystallisation. This critical cooling rate can be determined from the Weinberg, Hrubÿ and Lu-Liu parameters by the following equations:
Note that T p instead of T x has been used to determine the K W , K H and K LL parameters by equations (4), (5) and (6) to evaluate GFA from GS parameters. Nascimento et al. [16, 17] explained that, in general, the use of T p instead of T x leads to better regression results when Eqs.
(7), (8) and (9) are utilised. Table 1 shows the theoretical and experimental chemical composition determined by X-ray fluorescence of the investigated glasses. 8 that the base glasses undergo crystallisation processes that are followed by an endothermic fall at approximately 1110ºC, which is indicative of liquid phase formation and melting of the main crystalline phases that formed during heating in CaF 2 -containing glasses [19] . Table 2 lists the values of the characteristic temperatures, T g and T x , derived from the DSC curves. For a better depiction of the effect of F-ions on the overall crystallisation process, Fig. 3 illustrates the evolution of T p with fluorine content. T p values were calculated from the values of T p in powder and bulk samples for each glass composition. The effect of fluorine on the crystallisation mechanism of these glasses can be also evaluated from the values of the Tgr and T TS parameters. Figure 4 displays the values of T gr for the different glass compositions in both monolithic and powder state. T gr is related to the critical cooling rate [20] , thus, the higher the value of Tgr, the lower is the required qc to prevent crystallisation from the melt during cooling. The lines depicted in Fig. 4 establish the T gr interval, which signifies the gap between surface and bulk crystallisation. James [21] and Zanotto [22, 23] demonstrate that glasses that display only surface crystallisation have a Tgr higher than approximately 0.58-0.60, whereas glasses with T gr < 0.58-0.60 exhibit volume crystallisation. i.e., the higher the value of these parameters, the more difficult it is to obtain a crystallised material. It is possible to determine the critical cooling rate (q c ) from the K H , K W and K LL parameters, which is indicative of the glass forming ability (GFA) of these glasses, as described previously. Table 3 shows the q c values calculated from the different GS parameters.
Results
To confirm the effect of fluorine on the GFA of these glasses, a new assay aimed at evaluating this property "in situ" was conducted by DSC scans that simulate the melting cycle used in the preparation of the glasses. Accordingly, a mixture of raw materials of each glass composition was heated in the DSC equipment to a maximum of 1450ºC with a heating rate of 50 ºC/min and held at the melting temperature for 30 min. Subsequently, the sample was cooled to room temperature at 50ºC/min (higher cooling rates are unachievable by the equipment) and immediately subjected to a new heating ramp at 50ºC/min to 1450ºC. Thus, the GFA of the melts can be evaluated with different compositions from the DSC curves that were recorded during the first cooling step (Figure 7a ) and the GS of the glasses from the DSC curves recorded (Fig. 7a) , the mixture of raw materials of each glass composition were melted in an electric furnace under the same conditions used for "in situ" DSC runs. With the aim of promoting the development of crystalline phases, the melts were cooling at 50°C/min from 1450ºC to 1070°C and then hold for 30 min at 1070ºC. After that, the samples removed from the oven and cooled in air. Figure 8 shows the XRD patterns of the resulting materials. . DSC curves from a mixture of raw materials of each glass composition, which were heated in the DSC equipment to 1450ºC and held for 30 min. Subsequently, the samples were cooled to room temperature at 50ºC/min (Fig. 7a) and immediately subjected to a new heating ramp at 50ºC/min to 1450ºC (Fig. 7b) . 
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To confirm the effect of fluorine on the preferential mechanism (surface or bulk) by which the process of crystallisation occurs, bulk samples of each glass composition were subjected to thermal treatment to promote the onset of crystal growth. With the aim of freezing the microstructure of the glass-ceramic materials at the beginning of the crystallisation process, heat treatments resulted in a low degree of crystallisation were selected for each glass compositions. Figure 10 . XRD patterns of the glass-ceramics at the early stages of the crystallisation process.
Discussion
As expected, the chemical analysis shown in Table 1 This finding is highlighted in previous works on fluoride glasses [25] . The occurrence of Al 2 O 3 in all glass compositions is also observed, as shown in Table 1 . Al 2 O 3 is not introduced in the original batches and is derived from the corrosion of the crucible by the molten glass, which induces chemical reactions that cause the extraction of silica and alumina from the surfaces of the refractories [26] .
The XRD diffractograms of the powder glass samples (Fig. 1) indicate that MIS-E, MIS-6 and MIS-8 glasses are completely amorphous. In contrast, the pattern of the glass MIS-10 sample shows three diffraction peaks, which indicate the development of fluorite (CaF 2 , PDF 87-0971) during cooling. However, the amount of the glassy phase in the sample is significant, as indicated by the high intensity of the amorphous halo. This result demonstrates that the melt derived from the MIS-10 composition has a higher tendency to crystallise on cooling. network. Nevertheless, contrary to oxygen, fluorine ions are monovalent and create reticular discontinuity points that lead to a decrease in viscosity [27] . Regardless of glass composition, the value of T g corresponds to a viscosity between 10 13 and 10 13.5 dPa•s. From a structural standpoint, T g denotes a stage in which the atoms in the glass network are capable of vibration.
Below T g , the vibration of atoms is mainly local and does not involve the surrounding atoms.
Above T g , the amplitude of the vibration of the atoms increases and the mobility of the atoms improves as more heat energy is applied to the system. Thus, the formation of crystalline phases is feasible. In this case, the shift of T g and T x to lower temperatures as fluorine content increases indicates that fluorine favours the devitrification process of the glass. This effect of F -ions to exert a fluidising action in glasses is well known in glass science and different authors have reported the decrease of T g and T x with increasing fluorine content in several silicate [28, 29] aluminosilicate [30] , silicophosphate [31, 32] oxynitride [33] glasses.
The DSC curve of the MIS-E glass with the lower fluorine content (2.51 wt.%) indicates that the glass particle size affects the crystallisation process of this composition. Therefore, the thermogram corresponding to the powdered sample exhibits a well-defined exothermic peak, which displays a shoulder at the beginning of the crystallisation effect. In the DSC curve that was recorded for the bulk sample, the crystallisation process is shifted to higher temperatures, which results in a single and wider band of lower intensity. This behaviour indicates that the devitrification of MIS-E glass occurs through surface and volume crystallisation mechanisms, of which the surface crystallisation is predominant.
Conversely, the composition MIS-10 with the higher fluorine content (5.63 wt.%) exhibits a crystallisation behaviour that is contrary to the crystallisation behaviour observed for the MIS-E glass. In this case, the bulk crystallisation is the essential mechanism. This result is likely because MIS-10 glass is not completely amorphous. As previously noted in Fig.1 , its XRD pattern indicates the segregation of CaF 2 crystals, which will most likely act as nucleating sites in a subsequent thermal treatment.
The glass compositions MIS-6 and MIS-8 (3.39 and 4.27 wt.% of fluorine, respectively) depict an intermediate crystallisation behaviour between MIS-E and MIS-10 glasses. Similar to MIS-E, the crystallisation process shifts to higher temperatures in the DSC curves, which correspond to bulk samples. However, the intensity of the crystallisation peaks in this case does not vary significantly with glass particle size, which indicates the absence of a crystallisation mechanism that clearly predominates in the crystallisation process of the MIS-6 and MIS-8 glasses.
Considering the DSC curves recorded for the powder glass samples, there are two effects associated with the fluorine content in the glass composition. The temperature at the maximum of the crystallisation peak (T p ) shifts to lower temperatures, from 915°C (MIS-E) to 775°C
(MIS-10), when the fluorine content increases, which denotes that fluorine ions enhance the ability of the glass to devitrify by a surface crystallisation mechanism. However, the intensity of the exothermic peak decreases simultaneously, which demonstrates the development of a lower number of crystals.
Regarding monolithic glass samples, Fig. 2 shows that the predominance of bulk crystallisation is highly affected by the fluorine percentage in the composition of glasses. Hence, T p is shifted by 50°C from MIS-E to MIS-6, in which 3.39% of fluoride ions are contained in the sample. As mentioned previously, an increase in fluorine content produces two effects: it not only increases the ability of the glass to devitrify by a surface crystallisation mechanism but also increases the devitrification of the glass by a bulk crystallisation mechanism, from the CaF 2 crystals existing in the parent glass. Because of these two conflicting tendencies, a minimum T p value that corresponds to MIS-6 glass composition is depicted in Fig. 3 . MIS-E, MIS-6 and MIS-8 with lower fluorine contents exhibit negative values of T p , which indicate that the mechanism of surface crystallisation is predominant in these glasses. In contrast, MIS-10 is the only glass that exhibits a positive value of T p , which corroborates the prevalence of bulk crystallisation in this composition. Figure 4 shows that for a given glass composition, the particle size of the sample leads to an unappreciated variation in T gr , because both powder and monolithic samples are prepared from the same melt. In contrast, the fluorine content in the glass composition has a considerable effect on the value of T gr . An increase in the percentage of fluorine in the glass composition results in a significant decrease in T gr , which indicates that the MIS-10 composition generates a melt with a higher tendency to crystallise during cooling. This result agrees with those shown in Fig. 1 , which illustrate the precipitation of fluorite crystals during the cooling of MIS-10.
According to James [21] and Zanotto [22, 23] , an increase in fluorine content leads to a change in the crystallisation process of these glasses, from a mechanism of surface crystallisation that is predominant in the glasses with lower fluoride content to a prevailing volume crystallisation in MIS-10 glass. For this composition, the value T gr is slightly higher than 0.58-0.60 due to the occurrence of minor surface crystallisation, as can be deduced from and the curve corresponding to the monolithic samples depicts the same trace as the T p curve in Fig. 3 . Both aspects denote that the fluorine content of these glasses exerts a greater influence on volume crystallisation and hence, the prevalence of this mechanism determines the predominant mechanism in the overall crystallisation process. illustrates that surface crystallisation is prevalent in MIS-E, MIS-6 and MIS-8 glasses, whereas bulk crystallisation predominates in MIS-10 glass. Table 3 shows the q c values calculated from the GS parameters. The fluorine content also has a considerable influence on the GFA of these glasses. In MIS-6 glass, whose composition results from adding a small percentage of fluorine to MIS-E glass, the F-ions cause an increase in GFA and, consequently, they cause a decrease in the critical cooling rate. However, an increased presence of fluorine in the glass composition leads to a greater difficulty of vitrifying the melt on cooling, as evidenced by the enlarged value of q c ; in the case of MIS-10, it increases by several orders of magnitude. The high value of q c exhibited by MIS-10 glass denotes the unlikelihood of preventing crystallisation on cooling and justifies the presence of fluorite in the base glass (Fig. 1) .
Figures 7 and 8 confirm the effect of fluorine on the GFA of these glasses. It is patent from Fig.   7a that MIS-E and MIS-6 melts do not undergo any crystallisation processes during cooling.
The only effect observed in their DSC curves is a jump in the baseline at 781ºC (MIS-E) and 767ºC (MIS-6), which corresponds to their respective T g . The XRD patterns of the materials resulted after stopping the cooling at 1070° C for 30 min (Fig. 8) , show that indeed, any crystalline phase develops from MIS-E and MIS-6 melts. This result reveals high GFA of MIS-E and MIS-6 compositions and is in agreement with the low critical cooling rates shown in Table 3 . In contrast, an exothermic band centred at 1135ºC is evident in the DSC curve corresponding to the MIS-8 liquid, which demonstrates the existence of a crystallisation process during the cooling of this melt composition. However, the existence of T g , which was clearly observed by the jump at 732ºC, indicates that minor crystallisation occurred and most of the MIS-8 liquid vitrified. Fig. 8 supports this results and the pattern of the material resulted after halting the cooling of MIS-8 melt shows a clear amorphous halo with low intensity peaks corresponding to the development of wollastonite (CaSiO 3 , PDF 43-1460) in low extend. Thus, the GFA of MIS-8 is slightly lower than MIS-E and MIS-6 and, hence, its critical cooling rate for preventing crystallisation during the cooling of the liquid is somewhat higher, as shown in Table 3 . Finally, significant crystallisation occurs on cooling of the MIS-10 liquid, which is evidenced by two well-defined exothermic peaks at 1245 and 1150ºC, and by the lack of T g in the DSC curve. Both effects denote the extreme difficulty of MIS-10 composition to vitrify; therefore, avoiding crystallisation would only be possible by cooling at an extremely high rate, as highlighted in Table 3 . The XRD pattern in Fig. 8 indicates that the devitrification of MIS-10 on cooling leads to a glass-ceramic with a high crystallisation degree and that the exothermic effects observed in Fig. 7 The former results on the effect of fluorine on the GFA of these glasses are confirmed from an analysis of the DSC curves recorded during the second heating (Fig. 7b) , which show the thermal stability of the cooled samples. MIS-E and MIS-6 compositions depict the typical DSC curve of a glass by showing a well-defined T g (at 735ºC and 728ºC for MIS-E and MIS-6, respectively) and an exothermic crystallisation effect centred at 1040ºC. The curve corresponding to MIS-8 also shows T g at 690ºC and an exothermic effect at 1010ºC, which indicate that its nature is mainly amorphous. However, both the jump in the baseline and the intensity of the exothermic peak are of lower intensity than those for glasses with minor fluorine content. This finding is due to its minor proportion of remaining glassy phase because the crystalline phase devitrified during cooling. Finally, the DSC curve corresponding to MIS-10 composition exhibits neither T g nor a crystallisation process because this sample was previously crystallised.
Briefly, this study demonstrates that fluorine ions dramatically decrease the GFA of the studied glasses from the SiO 2 -CaO-K 2 O-F system. As Fokin et al. [25] highlighted, this tendency can be explained by an enhanced movement or molecular rearrangement of the basic units of the melt with decreasing viscosity, because an increase in fluorine ions concentration in the glass composition results in liquids that are more fluid. Figure 9 shows the microstructure developed during the early stages of the devitrification process in the glasses investigated in this study. Crystallisation of MIS-E, MIS-6 and MIS-8 occurs through a surface mechanism. The crystal growth begins at the glass surface (Fig.9a-c) ,
which results in the formation of a crystalline shell (CS) that entirely covers the glass sample, whereas crystallisation is not observed in the interior. In contrast, no crystallisation crust is observed in the thermal treated MIS-10 glass (Fig.9d) , which indicates that, in this case, crystallisation proceeds through a volume crystallisation process rather than through a surface mechanism process. High magnification observations allow examination of the microstructure in more detail. The crystallisation shells of MIS-E, MIS-6 and MIS-8 ( and MIS-8 glasses; whereas cuspidine is the crystalline phase developed at the beginning of crystallisation in MIS-10 glass. It is also clear from Fig. 10 that miserite is absent in the initial step of crystallisation of any of the glasses studied. This result can be unexpected since the studied glasses are formulated based on the stoechiometric composition of miserite. However, Pinckney et al. [3] obtained similar results in their study on crystallisation in miserite-based glasses. They pointed out that miserite development is favoured when a sinter-crystallisation process from small size glass particles is used to produce the glass-ceramics. In contrast, the internal crystallisation of bulk glass samples favours xonotlite over miserite. Accordingly, the absence of miserite in Fig. 10 may be justified by the fact that crystallisation is conducted on bulk samples.
On the other hand, a higher level of fluorine is required to stabilize cuspidine (4CaO·2SiO 2 ·F 2 ) relative to miserite (K 2 O·10CaO·16SiO 2 ·F 2 ), which would suggest that miserite crystallisation would be favoured in these low fluorine glasses. Cuspidine over miserite development could be justified by a noticeable difference between the activation energies associated to the crystallisation of both crystalline phases, so that cuspidine crystallisation was kinetically favoured. Carli and Righi [34] provided estimation of activation energy for cuspidine crystallisation in mould flux glasses, resulting E a = 315 kJ/mol. Unfortunately, to our knowledge the literature shows a lack of kinetic data on miserite crystallisation in glasses.
Finally, Pinckney et al. [3] also concluded that miserite phase is stabilized over other morecommon phases, such as xonotlite or wollastonite, by the incorporation of certain higher valence cations (Ce 3+ , Y 3+ , Ti 3+ , P 5+ , Nb 5+ …) to the glass composition. Such cations are absent in the composition of the glasses formulated in our study and hence, wollastonite or cuspidine over miserite are promoted.
Conclusions
Four glass compositions in the parameters. Consequently, the resulting glass exhibits a segregation of CaF 2 crystals, which will likely act as nucleating sites in a subsequent thermal treatment.
